Introduction
============

The synthesis methods and the use of nanostructures for various applications have been a very lucrative topic in the last decade \[[@B1]\]. These efforts have lead to discoveries of unknown phenomena and/or new approaches to explain with precision the observed experimental and theoretical facts from the macro/micro world \[[@B2]\]. When all is said and done, the issues in nano-sized devices (individual or arrays) and basic impediments in device operation have not been addressed largely due to not having a perception of end-user requirements, leaving the device's operational bottlenecks unaddressed \[[@B3]\]. This is true for two well-researched opto-electronic materials GaN- \[[@B4]\] and ZnO-based \[[@B5]\] devices like light-emitting diodes and photodetectors. In the case of GaN, more emphasis was given to high crystal quality growth, epitaxy, and understanding the Mg--H complex in determining the p-doping that eventually lead a lone scientist, S. Nakamura at Nichia Chemical Industries, Japan, to invent the first working solid state blue laser. In case of ZnO, the large part of the investment from university and industry arenas is still devoted to realizing the p-type doping along with some initial success from M. Kawasaki's group at Tohoku University, Japan that recently demonstrated the first ZnO p--n homojunction light-emitting diode \[[@B6]\].

ZnO is emerging as a potential candidate due to its direct wide bandgap and its ability to tailor electronic, magnetic, and optical properties through doping and alloying. One significant property that has brought ZnO and its alloys with Mg to the forefront of a flurry of research activity is the large exciton binding energy (60 meV when compared to 25 meV for GaN) for use in UV lasers. ZnO has been widely reported as a visible-blind UV sensor \[[@B7]\] over a wide range of applications in military and non-military arenas \[[@B8]\] that includes missile plume detection for hostile missile tracking, flame sensors, UV source monitoring, and calibration. However, recent research in nanostructures of ZnO has proved that the reduced dimensions have the potential to provide more untapped properties if harnessed in a systematic manner. Many simple fabrication techniques \[[@B9]\], devices \[[@B10],[@B11]\], and applications \[[@B12]\] have been demonstrated and reproduced. ZnO nanoscale structures such as one-dimensional nanowires are attracting more attention because of their enormous potential as fundamental building blocks for nanoscale electronic \[[@B13]\] and photonic devices due to the enhanced sensitivity offered by quantum confinement effects \[[@B14]\]. In this work, we address the prominent defect-related property (could be sum or individual defects due to non-crystallinity, surface charge imbalance, or substrate to film interface strains) that affects the electrical properties of the ensuing device. The phenomenon of persistent photoconductivity (PPC) is a situation in which a photo-induced current in the device continues to flow even after the exciting photon source is turned off. PPC is a major issue in device operation that became a topic of intense research interest during development of GaN \[[@B15],[@B16]\] and AlGaN \[[@B17]\] photodetectors. The motivation of the present work is to understand the origin of PPC in ZnO by employing a simple device configuration consisting of a metal--semiconductor--metal structure. PPC is very difficult to observe in bulk materials and needs to be measured at very low temperature, which in turn complicates the carrier transport mechanisms, thus limiting the ability to extract and interpret the exact cause of the problem \[[@B18]\]. This phenomenon is observable in both macro and nanostructured films; however, the effects are more prominent in nanostructured materials due to singularity in their joint density of states, thus allowing a bulk phenomenon to be observable clearly even at room temperature.

Experimental
============

ZnO nanowires were synthesized in a horizontal tube furnace that was programmed for a processing temperature of 800 °C with heating rate 10 °C min^−1^. The source material Zn (99.9%) in granular form was placed at the center of the furnace. Double side-polished Al~2~O~3~(0001) and Si (100) samples were used as substrates for optical characterization. In the initial stage, the furnace was flushed by Ar gas and was stabilized. When the furnace reached 420 °C, the Zn metal evaporated and O~2~gas was introduced with a combined Ar/O~2~gas mixture. The evaporated Zn metal formed ZnO nanostructures when the reactants achieved supersaturation and was deposited on substrates and also on the walls of the tube furnace. The process was carried out for 90 min and samples were removed after the furnace was cooled down to room temperature. ZnO nanostructures were characterized by environmental scanning electron microscope (E-SEM) (Electro Scan) and photo-luminescence (PL) at room temperature (Laser Science, Inc, Model VSL-337 ND-S, 337 nm, 6 mW and Ocean Optics SD5000 spectrometer) measurements to monitor the morphology and the bandgap. The X-ray photoelectron spectroscopy (XPS) measurements were performed using Kratos Axis 165 spectrometer at a vacuum of 4 × 10^−10^ Torr with non-monochromatic Mg*K*α radiation. All binding energies were calibrated with respect to C 1s at 284.6 eV.

Sensors were fabricated on a glass plate with linear silver electrodes of dimension 0.1 cm × 2 cm with a gap of 80 μm as seen in the schematic, Fig. [1](#F1){ref-type="fig"}. ZnO nanostructures were dissolved in methanol and then applied to an area between the electrodes. The photoresponse measurements were carried out using a Xe arc lamp, a Thermo Oriel monochromator setup, and lock-in-amplifier measurement setup. The experimental setup was calibrated with standard SiC and AlGaN UV sensors, and the output power of the Xe arc lamp was measured by a Newport standard power meter. To study the effect of oxygen on the photoresponse properties of the ZnO nanostructure UV sensors, the measurements were carried out in situ in a vacuum chamber at different oxygen pressure levels.

![Schematic of nanostructure ZnO sensor device](1556-276X-4-1421-1){#F1}

Results and Discussion
======================

Figure [2](#F2){ref-type="fig"} shows a SEM image of the as-grown ZnO nanowires in the form of a network on Al~2~O~3~ substrate. The ZnO nanowires are of uniform diameter, length, and density. The dimensions of the nanowires are approximately 30--65 nm in diameter and about 5 μm in length. Figure [3](#F3){ref-type="fig"} shows the X-Ray Diffraction pattern of ZnO nanowires grown on Si (100) substrate. The pattern clearly depicts distinct peaks at 31.6°, 34.49°, and 36.27° corresponding to (100), (002) and (101) reflections \[[@B19]\]. The high intensity peak at 34.49° corresponding to the (002) reflection indicates that the ZnO nanowires are highly c-axis oriented and crystalline in nature. The XPS results for Zn2p and O1s for ZnO nanowire films are shown in Fig. [4](#F4){ref-type="fig"}. Chemical states and the presence of any possible compositions were analyzed after deconvoluting the spectra. The films show well resolved peaks, Fig. [4](#F4){ref-type="fig"}a, at 1,022.45 and 1,045.47 eV corresponding to the doublet of Zn2p 3/2 and 1/2, respectively, as reported for ZnO \[[@B20]\]. Figure [4](#F4){ref-type="fig"}b shows the O1s spectrum in ZnO nanowire film. This asymmetric peak is resolved into three components at 531.1, 532.5, and 533.6 eV. The intense peak at 531.1 eV can be attributed to ZnO oxygen, whereas the shoulder peaks at 532.5 and 533.6 eV have been assigned to the chemisorbed oxygen. The relative concentration of Zn/O is calculated to be close to 1 from the photoelectron cross-sections and kinematic factors indicating the near perfect stoichiometry achieved in the present synthesis method. Figure [5](#F5){ref-type="fig"} shows the PL spectrum of ZnO nanowires with a main peak at 386 and at 510 nm under laser excitation of 3.6 eV. The dominant peak at 386 nm is attributed to the recombination of free excitons corresponding to 3.2 eV (386 nm), wide direct bandgap transition of ZnO nanowires at room temperature \[[@B21]\]. The exciton peak has the sharp full width at half maximum (FWHM) width of 10 nm. The narrow width of the dominant emission is expected in the nanowires as a consequence of better quantum efficiency. The green emission at *λ* = 510 nm (2.42 eV) corresponds to deep levels because of the transition between the photo-excited holes and singly ionized oxygen vacancies. The weak green band emission (510 nm) indicates the lower concentration of defects \[[@B22]\].

![SEM of ZnO nanowires on Al~2~O~3~substrate](1556-276X-4-1421-2){#F2}

![X-ray diffraction pattern of ZnO nanowires grown on Si (100) substrate](1556-276X-4-1421-3){#F3}

![XPS spectra of ZnO nanostructures**a**Zn 2p 3/2 and 1/2,**b**O1s core levels](1556-276X-4-1421-4){#F4}

![PL spectrum of ZnO nanowires on Al~2~O~3~substrate. The exciton peak is at 386 nm and the defect peak is at 510 nm. Laser excitation is at 3.67 eV](1556-276X-4-1421-5){#F5}

The current--voltage characteristics with and without UV illumination (that corresponds to the bandgap of ZnO as observed in PL measurements in room conditions) are shown in Fig. [6](#F6){ref-type="fig"}. The dark (without illumination) current of the nanostructure ZnO UV sensor was 6 × 10^−10^ A at 1 V. The nanostructure ZnO UV sensor exhibited a photocurrent of 7 × 10^−8^ A, at 1 V under UV illumination (386 nm) at room temperature and pressure conditions. The UV to Visible rejection ratio was found to be two orders of magnitude. The lower dark current is a clear manifestation of reduced intrinsic defects as well as interfaces and trap states generated during the processing of the material and the device \[[@B23]\]. On the other hand, the UV sensors fabricated from conventional physical vapor deposition methods exhibited huge dark currents in the 10^−3^ A range \[[@B24]\]. The lower dark current observed in the present ZnO nanostructure devices indicates the better crystalline quality of the material. ZnO homojunctions formed between the p-type (Sb-doped ZnO hole concentration: 1 × 10^16^ cm^−3^, mobility: 10 cm^2^ V^−1^ S^−1^, and resistivity: 6 Ω cm) and n-type ZnO (Ga-doped electron concentration: 1 × 10^18^ cm^−3^, mobility: 6 cm^2^ V^−1^ S^−1^, and resistivity: 0.9 Ω cm) exhibited large dark current in the order of 0.4 mA at 1 V due to the presence of a large number of growth-related defects between the film and the substrate \[[@B24]\]. The large magnitude of dark current density indicates that there are considerable defects and dislocations in the ZnO film grown on a Si substrate, which is a typical result of heteroepitaxy between largely mismatched materials \[[@B25]\].

![Current--voltage characteristics of nanostructure ZnO photoconductor at room conditions with and without UV corresponding to the bandgap of ZnO](1556-276X-4-1421-6){#F6}

When a ZnO surface is exposed to oxygen, oxygen is adsorbed onto its surface. Each adsorbed oxygen ties up an electron from the conduction band creating a space charge layer (Fig. [7](#F7){ref-type="fig"}). This reduces the number of electrons available for conduction near the surface, contributing to a lower dark current. This effect is more prominent in nanostructures because of the near crystalline properties, as opposed to bulk films that tend to grow with enough grain boundaries, which trap/retrap the oxygen as a function of temperature giving rise to instability in measuring the dark current. When a photon of energy equal to or higher than the bandgap is incident on the ZnO surface, an electron--hole pair is generated. The positively charged hole neutralizes the chemisorbed oxygen, thereby releasing the electron back to the conduction band increasing the conductivity of the sample \[[@B26]\].

![Schematic of photoconduction in ZnO due to the desorption of chemisorbed oxygen. The deep localized state (DLS) and the perturbed host states (PHS) as suggested by Lany et al. are also shown](1556-276X-4-1421-7){#F7}

It has been reported in the literature \[[@B27]\] that the oxygen pressure surrounding the ZnO nanostructures significantly affects the photoconductivity. As the oxygen concentration varies, the width of the depletion region caused by the chemisorbed oxygen also varies, thereby creating a channel that widens or contracts. In order to verify this hypothesis, we carried out photoresponse measurements in controlled oxygen atmosphere in a vacuum chamber fitted with an optical port through which light (250--900 nm) can be incident on the nano ZnO sensor as seen in the schematic (Fig. [8](#F8){ref-type="fig"}). The vacuum chamber is fitted with a gas inlet manifold to control O~2~ gas pressure during the photoresponse measurements. First, the chamber was evacuated to 1 × 10^−5^ Torr, sufficiently below the measurement pressure of 8 × 10^−2^ Torr. The pressure inside the chamber was increased to 8 × 10^−2^ Torr by letting in high purity oxygen gas into the chamber through the other inlet valve. The oxygen pressure of 8 × 10^−2^ Torr was maintained throughout the photoresponse measurements. After this set of measurements, O~2~ gas pressure inside the chamber was increased to 4 × 10^−1^ Torr, and photoresponse studies were carried out. Finally, the oxygen pressure inside the chamber was raised to 7.6 × 10^2^ Torr and held constant throughout the photoresponse measurements.

![Schematic of photoresponse measurements setup, a vacuum chamber fitted with an optical port through which light (250--900 nm) can be incident on the nano ZnO sensor](1556-276X-4-1421-8){#F8}

Figure [9](#F9){ref-type="fig"} shows the I--V characteristics of nanostructured ZnO UV sensor under UV illumination for background oxygen pressure of 7.6 × 10^2^, 4 × 10^−1^, and 8 × 10^−2^ Torr. Table [1](#T1){ref-type="table"} summarizes the current values for dark and UV-illuminated conditions. When the oxygen content surrounding the ZnO nanostructures was reduced, the amount of chemisorbed oxygen decreases. It was also observed that at higher oxygen pressures, the resistance is high due to saturation giving rise to lower currents \[[@B28]\]. Because the chemisorbed oxygen is in equilibrium with the background oxygen, there are photocurrent saturation effects which are dominant at room conditions. However, the saturation effects depend on the geometrical shapes (like spheres in network nanowires) of nanostructures. The photoresponse plots in the range of 250--900 nm are shown in Fig. [10](#F10){ref-type="fig"} for background oxygen pressures of 7.6 × 10^2^, 4 × 10^−1^, and 8 × 10^−2^ Torr. At higher oxygen pressure (7.6 × 10^2^ Torr), the photoresponse signal gives a peak at 397 nm and gradually drops to zero at 310 nm. The onset of photoresponse occurs at 410 nm with a sharp peak at 397 nm and a broad peak at 367 nm. These peaks are deconvoluted using Gaussian distribution functions and correspond to the excitonic and band edge peaks in ZnO. The photoresponse plot for the background oxygen pressure of 7.6 × 10^2^ Torr has a blind response for the incident light in the visible region. However, as the background oxygen pressure reduces, the photoresponse signal starts responding at unusually higher wavelengths between 780 and 800 nm. The mere indication of a weak response in the visible region provides some insight into evolution of defects. When the incident photon energy reaches the UV region, the main peak at 397 nm plateaus and never fades to zero even after the removal of UV incident light. This effect of photoresponse saturation in the absence of excitation leads to persistent photoconductivity, PPC. The lack of decay of the photoresponse with time is called as PPC. The inset of Fig. [10](#F10){ref-type="fig"} provides the decay time of photocurrent when the UV excitation is turned off. The photocurrent decay time at 7.6 × 10^2^ Torr was measured to be 58.5 s and is found to increase to 130 s and 182 s for background O~2~ pressures of 4 × 10^−1^ and 8 × 10^−2^ Torr, respectively. Similar results have been reported by Jun et al. \[[@B29]\], where the authors have studied the decay time of ZnO-nanostructured UV sensor at room conditions and at reduced pressures and have observed slower decay time as the pressure was reduced due to re-adsorption of oxidizing gas molecules.

![Current--Voltage characteristics of nanostructure ZnO UV sensor for O~2~pressures of 7.6 × 10^2^, 4 × 10^−2^, and 8 × 10^−2^ Torr](1556-276X-4-1421-9){#F9}

###### 

Dark, photocurrent and their ratios as a function of background oxygen pressure

  O~2~Pressure (Torr)   *I*~Dark~(A)   *I*~UV~(A)     *I*~UV~/*I*~Dark~
  --------------------- -------------- -------------- -------------------
  7.6 × 10^2^           1.5 × 10^−8^   1.3 × 10^−7^   8.6
  4 × 10^−1^            1.0 × 10^−7^   8.2 × 10^−7^   8.2
  8 × 10^−2^            8.2 × 10^−8^   2.8 × 10^−6^   34

![Photoresponse plots for nanostructure ZnO UV sensor for 7.6 × 10^2^ Torr and vacuum levels of 4 × 10^−2^and 8 × 10^−2^ Torr. Note the PPC trend when the oxygen pressure is reduced.*Inset*photocurrent decay time with O~2~pressure](1556-276X-4-1421-10){#F10}

The inverse correlation between the background oxygen pressure and the photocurrent decay time clearly demonstrates the effect of oxygen on the sensor performance. PPC is commonly attributed to the existence of defects, which are metastable between shallow and deep levels and dislocations in the materials. One such defect is the deep unknown center (DX, discussed in the following section), which forms when shallow donors convert into deep donors after a large lattice relaxation \[[@B30]\]. When the background oxygen is depleted (4 × 10^−1^ and 8 × 10^−2^ Torr conditions), the ZnO lattice undergoes a dynamic equilibrium between the chemisorbed oxygen and the interstitial oxygen (anion) vacancies. Under these circumstances, the interstitial vacancies dominate the conduction process over the chemisorbed oxygen. The space charge regions then modulate the effective conduction cross-section of the device \[[@B31]\].

In an interesting paper, Lany et al. \[[@B32]\] have shown using first-principal electronic structure calculations that the anion vacancies in II--VI semiconductors as a class of intrinsic defects exhibiting metastable behavior and have predicted that PPC is caused by the oxygen vacancy V~O~ in ZnO, originating from a metastable shallow donor state. In ZnO, the anion vacancy, V~O~, undergoes transformation from relaxed neutral V~O~^0^ to the charged oxygen vacancy V~O~^2+^ (charged state) between the defect-localized states (DLS) situated within the gap, below and above the conduction band minimum (CBM), termed by the authors as "α and β type behavior", respectively. The origin of these states lies in the interaction of impurity atomic orbitals (constructed from the combinations of the dangling bonds \[[@B33]\]) with the states of ideal vacancy. The DLS below CBM (α type) with localized wavefunctions do not contribute to conductivity, though occupied by electrons and weakly respond to external perturbations such as pressure and temperature. The DLS above the CBM (β type) are resonant with the conduction band, and electrons will drop to the CBM to occupy a perturbed host state (PHS). The energy of the vacant orbitals depends strongly on atomic relaxation of neighboring cations. The energy state of V~O~^0^ is widened by inward relaxation of nearest-neighbor Zn atoms toward the vacancy site resulting in an average Zn--Zn inter atomic distance of 3 Å, whereas while forming V~O~^2+^, the Zn neighbor atoms relax outward leading to a configuration with larger Zn--Zn inter-atomic distance of 4 Å. The transition from V~O~^0^ to V~O~^2+^ state involves intermediate steps as shown below;

When the Zn--Zn inter-atomic distance is modified by inward and outward movement, Zn vacancies (V~Zn~) are produced which are intrinsic acceptors. The appearance of a level at \~1.5 eV verifies the evolution of V~Zn~ when the background oxygen is reduced \[[@B34]\]. The reaction kinetics of V~O~^0^ thus results in metastable configuration change, constituting the PPC in ZnO. The above explanation follows very well in the present investigation of PPC phenomenon observed under depleted oxygen conditions.

To conclude, the phenomenon of PPC is a defect-related issue that depends entirely on the oxygen atmosphere around a nano-ZnO device. There has been a major thrust in fabricating nanostructured ZnO devices for gas, piezo, light, and biosensor applications. Mostly, these applications require device to be a resistor type that is prone to change by virtue of ambient rather than the stimulants, thereby opening many research opportunities to passivate the device effectively. The technique and the approach described in this paper can be extended to observe similar effects prevalent in any bulk material systems.
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